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We obtain the electronic states and structures of two-dimensional cobalt oxides, Naa;Co02 (x=0, 
0.35, 0.5 and 0.75) by utilizing the full-potential linear muffin-tin orbitals (FP-LMTO) methods, 
from which some essential electronic interaction parameters are estimated: the bare on-site Coulomb 
interaction of cobalt Udd=7.5 eV renormalizes to 5 eV for x=0.35, the pd hybridizations tpdo- and 
tpdvr are -1.40 and 0.70 eV, respectively. The density of states at Ef decreases from 6-7 states/eV 
in the local density approximation (LDA) to about 1.0 states/eV in the LDA-I-U scheme. The role 
of the intercalation of water molecules and the microscopic mechanism of the superconductivity in 
Nao.35Co02-mH20 is discussed. 
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The triangular cobalt oxides Naa;Co02 synthesized in 
recent years [1,2] with large thermopower effect may be a 
hopeful candidate for the exotic resonating valence bond 
(RVB) phase [3]: well-defined local magnetic moment of 
Co^+ indicates low spin S=l/2 [4], highly anisotropic 
crystalline structure implies quasi- 2-dimensional (2D) 
character [5], and the triangular symmetry may lead to 
strong frustration effect of the antiferromagnetically cou- 
pled spins. However, the good metallic conduction in 
Naa;Co02 seems against to the RVB phase, and its ther- 
moelectric coefficient is an order of magnitude larger than 
common metals [2-4,6,7], not expected for RVB metal. 
Two distinct interpretations were proposed to account for 
the origin of the unusual large thermopower effect: Singh 
[8] suggested the large density of states (DOS) near the 
Fermi surface (FS) results in the large thermoelectric ef- 
fect; meanwhile, a theory of strongly correlated interac- 
tion between 3d electrons [9-11] was proposed to explain 
the large thermopower at room temperature. The main 
obstruction to settle this debate is that the electronic 
states of cobalt and oxygen are not well understood. 

Recently Takada et al. [12] reported a strange drop in 
resistivity and a significant diamagnetic signal in mag- 
netic susceptibility below an temperature Tp =5 K in 
Nao.35Co02-mH20, in which the water molecules were in- 
tercalated into the Na+ and C0O2 layers in Nao.35Co02, 
these unusual phenomena are interpreted as the on- 
set of superconductivity (SC) below Tp. The diamag- 
netic signature was confirmed by a more recent ex- 
periment [13], and furthermore an unambiguous zero- 
resistance state was found [14], verifying the the SC in 
hydrated 2D cobalt oxides. These anomalous properties 
are distinct evidences that a novel SC phase forms in 
Nao.35Co02-mH20 below Tp, the question thus arises 
what the nature of the novel SC and its normal phases is. 
Doped cobalt oxides resemble to doped high Tc cuprates 
in many aspects, for example, quasi-2D layer structure. 



Mott insulator becomes metal upon doping, the frustra- 
tion effect, etc. Baskaran [15] and Wang et al. [16] It 
was proposed that the Cooper pairing in SC phase origi- 
nates from the instability of RVB metallic background in 
2D triangular cobalt oxides, implying strongly correlated 
3d electrons and the exclusion of double occupation in 
3d orbitals. At present our the knowledge to some es- 
sential interaction parameters to model the physics in 
Nao.35Co02 and Nao.35Co02-mH20, such as the hop- 
ping integrals of the 3d electrons, i, and the Coulomb 
interaction between 3d electrons, U , etc, are very poor, 
understanding the electronic states and structures is an 
essential step to gain insight to the electronic properties 
and the role of the intercalated water molecules in the 
novel SC and normal phases, a good knowledge for Co 
3d and O 2p band near Fermi suface is required for any 
further reliable quantitative model. 

In this Paper we present the electronic state and struc- 
ture results in Naa;Co02 (x=0, 0.35, 0.5 and 0.75) uti- 
lizing the first principle full-potential linear Muffin-Tin 
orbitals (FP-LMTO) method and the local density ap- 
proximation (LDA)-)-U method. The essential interac- 
tion parameters for further modeling the nature of the 
new phase are estimated. We demonstrate that undoped 
C0O2 is a quasi-2D intermediate correlated charge trans- 
fer insulator, Na-dopcd C0O2 is quasi-2D metal with the 
aig hole character dominant at E^?. With the interca- 
lation of water, the ai^ band becomes more narrow and 
system is near the broader of metal-SC transition. We 
suggest the Gossamer mechanism is responsible for the 
SC in Nao.35Co02-mH20. 

The CoOg octahedra in Naa;Co02 are connected via 
sharing their edges forming hexagonal C0O2 layers, Na''" 
ions are randomly and homogeneously distributed be- 
tween C0O2 layers, the intercalation of water molecules 
into the Co and Na+ layers does not change the trian- 
gular symmetry of the C0O2 layers in Naa;Co02-mIl20. 
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Under the octahedral crystalhne electric field, the 
3d orbits splits into lower threefold degenerate t2g and 
higher twofold degenerate Eg levels with the separation 
of lODq. The low spin configuration of Co [4] showed 
that only t2g orbitals are the most relevant to the low 
energy process in the compounds. In the coordinate sys- 
tem that the z-axis coincides with the Co-0 bond of the 
CoOe octahedra, the three wavefunctions of the t2g or- 
bitals are: \aig >={dx'y' + dy'z' +dz'x')/V^, \eig >= 
{dx'y' -dy'z')/ V2 and \e2g >={-2dx' z' +dy' z' +dx'y') / VG- 
For the Dq^ point group symmetry in Naa;Co02, it is 
more convenient to choose the threefold rotation axis as 
the z-axis, thus the basis wavefunctions of the t2g or- 
bitals are rewritten as: |1 > =\aig >=dzz'^-r^, |2 > 
= |eig > = ^/TJ^{^/2dxy + dyz) and |3 > = \e2g >= 
y^l/3{—V^dx2-y2 +dxz)- The trigonal crystalline field 
in Naa;Co02 further splits t2g orbits as: Vt{'2.d\^^diic — 

A,2a'^i'^'^ ~ '^iSa'^iS'^) which lifts the aig orbit 3Vt higher 
than the twofold degenerate eig and e2g orbits; the trigo- 
nal crystal splitting 3Vt is about 0.2 eV, estimated from 
the separation of aig band to e^ bands in the following 
calculation. We will show that in Naa;Co02, the eig and 
e2g orbitals are almost filled, leaving aig orbit be active, 
this indicates the orbital angular momentum of the 3d 
electrons in cobalt ions vanishes, < L >=0, therefore 
the magnetic moment and susceptibility completely con- 
tribute from the spins of 3d electrons. In the following we 
will show that the mixture among the three t2g bands is 
weak, in the contrast to vanadium oxide V2O3, this also 
excludes the influence of the orbital degree of freedom on 
the ground state. 

The crystal striicture of Nao.35Co02 has already exhib- 
ited strong 2D character before oxidization, the ratio of 
the lattice constant c/a « 3.75, is much large than that 
of ideal three-dimension hexagonal c;lose packed struc- 
ture. The quasi-two-dimension character in the elec- 
tronic structures of C0O2 layer is seen clearly from the 
flat aig band near FS in Fig.l. The electronic structures 
are obtained by employing the FP-LMTO method [17] 
in the LDA. To explore the realistic situation with wa- 
ter molecules inserted between Na+ and C0O2 layers, we 
study the evolution of the band structures with increasing 
c/a ratio from 3.75, corresponding to Nao.35Co02, 4.5, 
5.75 and up to 6.95, corresponding to Nao.35Co02-mH20. 
The eig and e2g bands lie below Ep, the aig band crosses 
the FS and contributes the major component near FS, 
this agrees to our crystalline field analysis. Obvious 
shrink of the aig bandwidth is observed in Fig.l when lat- 
tice ratio c/a varies from 3.75 to 6.95, indicating that the 
localization character of the aig electrons becomes more 
significant after the intercalation of water molecules. In 
Fig.l, the bandwidth of the aig electrons, W = 1.8 
eV, giving rise to the effective hopping integral between 
cobalt ions, \tlff\ ~ 0.12 eV, which is larger than that 
in NaCo02 [8]. Due to being quasi-2D metal, the band 
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FIG. 1. Band structures of Nao.36Co02 within the LDA 
scheme for different c/a ratios. Solid line denotes c/a=6.95, 
dash line c/a=3.75. 

structures near Ep- do not change critically within the 
LDA-I-U scheme. 

We further investigate how the density of states (DOS) 
evolves with the doping concentration of Na in NaxCo02, 
from x=0, 0.35, 0.5 to 0.75 within the usual LDA scheme. 
The DOS of "virtual" parent phase C0O2, which has the 
same structure to Nao.35Co02, is also presented for com- 
parison. It is found that all of the compounds are metal- 
lic, even for C0O2. With the doping of Na, the extra 
electrons from Na are introduced in the aig orbit of Co 
ions, different from cuprates that the carriers are located 
in the oxygen atom in the Cu-0 chain outside the Cu02 
layers, therefore no Zhang- Rice singlet can form in doped 
2D cobalt oxides. The Eg orbitals separate from the t2g 
orbits about 1.7 eV for Nao.35Co02, giving rise to the 
octahedral crystalline field splitting 10Dq= 1.7 eV. Gen- 
erally the eig and e2g orbits are almost filled with the oc- 
cupation numbers neig=ne2g ~ 2.0. The DOS of the 3d 
electrons at Ep in Naa;Co02 is 6.2 states/eV for x=0.35, 
3.0 states/eV for x=0.5 and 2.8 states/eV for x= 0.75, 
respectively. The DOS of oxygens near E^ changes con- 
siderably, from 3.8 states/eV at x=0 to 1.5 states/eV at 
x=0.75. 

In the LDA scheme the DOS in C0O2 at E^ is as high 
as 8.1 states/eV, however, one would expect the "parent" 
compound C0O2 with half-filled aig orbit be an insulator. 
Obviously the LDA scheme underestimates the role of the 
Coulomb interaction in this system. The LDA-I-U scheme 
[18] is thus employed to correct the on-site Coulomb cor- 
relation of Co 3d electrons in C0O2. Within the LDA+U 
scheme with U=5.0 eV, the charge transfer energy be- 
tween Co 3d and O 2p orbits in C0O2 is A =ed — ep=3.2 
eV; the bare on-site Coulomb interaction of the Co 3d 
electrons, U^d =7.5 eV, which is smaller than about 10 
eV of Cu in parent cuprates La2Cu04; A << U^d implies 
that the "parent" phase C0O2 is a charge transfer insu- 
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lator with energy gap Eg=1.2 eV. The 3d DOS decreases 
to zero at F,p, in contrast with the LDA result that the 
system is metaUic with very large DOS. We notice that 
the oxygen DOS is almost not affected and is dominant 
over the 3d DOS below Ep, as seen the dot line in Fig. 2a. 
In C0O2, the magnetic moment of cobalt ion is 1.09 /is, 
the moment of oxygen ion is -0.06 hb, leading to a net 
moment of 1.03 hb- The planar coupling between spins 
in C0O2 is antiferromagnetic, J =2.9 meV, however long 
range order does not establish due to the spin fluctuation 
arising from the geometric frustration in triangular C0O2 
layers. The intraatomic Hund's rule coupling 3h of Co 
in C0O2 is similar to that in LaCoOa [19], smaller than 
0.7 eV. These intraatomic parameters are also applied for 
doped Na2:Co02. 

Within the LDA+U scheme, the DOS for different 
doped compounds Na2:Co02 are shown in Fig. 2 (b) to 
(c). The DOS near FS changes critically for doped com- 
pounds we studied (x=0.35, 0.5, 0.75), in comparison 
with the LDA results. Though all of the C0O2 layers are 
metallic, the aig bands near E^^ have long tails, and the 
DOS at Ep is considerably reduced to 1.6, 1.3 and 1.2 
states/eV for x=0.35, 0.5, and 0.75, respectively. With 
the doping, the extra electrons are filled in empty a.[g 
band, due to the Coulomb interaction, the filled aj^ band 

shifts to deep position, leaving a^^ band around E^ and 
smaller the 3d DOS. The magnetic moment of cobalt ion 
is 0.57 fiB for x=0.35, the moment of oxygen is 0.03 /is, 
giving rise to net moment 0.6 fis] and we find the fa- 
vorable coupling between Co spins is ferromagnetic. The 
DOS at Ep is not large enough to account for the un- 
usual large thermoelectric power observed in Na3;Co02, 
after taking into account the electron correlation between 
3d electrons. One possibility is the spin entropy of 3d 
electrons in Na:rCo02 [11]. In the LDA scheme, a large 
and a small FS are obtained in half-doped compound, 
Nao.5Co02, as the same to Ref.[8]. The large FS arises 
from the aig orbit, while small FS pocket from the mixed 
a.ig and eg component of cobalt ions. In the LDA -|-U 
scheme, the inclusion of the correction to the on-site 
Coulomb interaction repulses the occupied Cg electrons 
to lower energy, diminishing the contribution of these 
electrons to the small FS, thus the small FS disappears. 

We estimate the hopping integrals between 3d orbitals 
from the pd hybridization between oxygen and cobalt in 
the C0O2 plane. It is found the Co-0 overlap integrals 
are: t^^ = -1.4 eV, t^^ = 0.7 eV. The direct hopping inte- 
grals between cobalts, dda, etc, are very small, since the 
Co ion radius is small. From which and considering the 
pd hybridization effect and the nearly 90° angle of the Co- 
0-Co bridge, we find to the second-order approximation, 
the orbital-diagonal hopping integrals between Co 3d or- 
bitals along X-axis are renormalized to: tn -0.09 eV, 
t22 =t33 ~ 0.17 eV, respectively; and the mixing hopping 
integral ti2 is very small, about 0.01 eV. The value of the 
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FIG. 2. Dependence of density-of-states in Na2:Co02 on 
doping concentration within the LDA+U scheme, subse- 
quently, (a) x=0, (b) x=0.35, (c) x=0.5, and (d) x=0.75. Solid 
lines denote DOS of Co 3d orbitals, dot lines DOS of O 2p 
orbitals. 

hopping integral between aig orbitals, tn, is comparable 
with that from the aig bandwidth. Intuitively the trigo- 
nal splitting Vt is so small that three t2g bands, a^i, e^i 
and eg2 are almost degenerate, the orbital degree of free- 
dom of t2g is expected to play important role in the low 
energy process. However, the obtained small hopping 
integrals between orbitals suggests the mixing between 
orbitals is negligible and the orbital degree of freedom 
does not affect the ground state and excited properties 
in quasi-2D cobalt oxides. 

As to the electron correlation in 2D cobalt oxides, we 
note that the present experimental data and theoreti- 
cal results support two distinct pictures, one is small 
Coulomb correlation scenario: Naa;Co02 behaves good 
metallic conduction, and low spin configuration allows 
double occupation in 3d orbits; On the other hand, Co 
ion exhibits well-defined magnetic moment, the magnetic 
susceptibility of Na2;Co02 exhibits Curie- Weiss law with 
finite Neel temperature O in high temperature regime, 
etc, supporting a strong correlation scenario. In the 
"parent" phase C0O2, taking into account the correc- 
tion from the renormalized parameters F2 and F4 of 
the 3d multipolar interaction [20], the the bare on- 
site Coulomb interaction Vdd is renormalized to Udd ~ 
4.0 eV, suggesting an intermediate correlated system 



TABLE I. Electronic parameters in C0O2 & Nao 35C0O2 
(eV) 



Udd 


J 


Eg 


t-d t-d lODq 


A 


3Vt 


W 


7.5 


0.0029 


1.2 


-1.40 0.70 1.7 


3.2 


0.2 


1.80 
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in comparison with the aig bandwidth W=1.8 eV. In 
the metaUic phases NaxCo02, due to the screening ef- 
fect from the many-body interaction between 3d elec- 
trons, the effective Coulomb strength is further reduced 
to Vr=Udd/{^+UddA) [21], about 2.3 eV in Nao.ssCoOz, 
where A is the renormalized parameter depending on the 
conduction band. The Wilson ratio deduced from ex- 
perimental data also supports an intermediate correlated 
system: the magnetic susceptibility x [22] and the lin- 
ear coefficient of the specific heat [23] gives rise to Wil- 
son ratio R={l/k%TT^)/{x/l4ff) =0-62 for a;=0.5, ly- 
ing between that of strongly correlated system, R=2, 
and that of weak correlated Fermi liquid, R=l. There- 
fore 2D cobalt oxides poss both weak-correlated itiner- 
ant and strong-correlated localized characters, the SC in 
Nao.35Co02-mH20 seems not arise from the instability 
of the strongly correlated RVB metal, the RVB scenario 
is not applicable. 

In this study we try to unveil the role of water 
molecules to the novel SC in hydrated cobalt oxides. 
The intercalation of water molecules into C0O2 and Na 
layers is simulated by stretching the c-axis, since no 
configuration information about the water molecules in 
Nao.35Co02-mH20 is available. This may not completely 
reproduce the realistic crystalline environment of the 
CoOg octahedra. The role of intercalation of water lies 
in three aspects. First of all, it enhances the localization 
of the aig electrons, pushes the 2D C0O2 layers to the 
broader of metal- insulator transition, similar to the effect 
of doping on cuprates, favors the instability of metal- 
SC transition. Second, with the intercalation of water 
molecules, the hydrogens of water molecules approach- 
ing CoOe octahedron tend to form hydrogen bond with 
the vertical oxygen of the CoOg octahedra, the negative 
charge center in shifts to H+, thus we have such pos- 
sibility that a fraction of holes may introduced in filled 2p 
band of oxygen, the spatial separation between the 04^ 
electrons and the 2p holes blocks the their combination. 
Third, though there exists strong electron-phonon (e-ph) 
coupling in 2D C0O2 layers in Bi2Sr2Co20y, one expects 
the e-ph coupling is not weak in Na-doped C0O2 , the SC 
transition temperature would be high if considering the 
large DOS at Ej? in the absence of Coulomb correlation; 
the elongation of c-axis in Naa;Co02 weakens the vibra- 
tion frequency of Co-0 bond along c-axis, the vibration 
mode along c-axis is soften, this is not favorable of the 
e-ph coupling mediated pairing mechanism, but favors to 
other mechanism. The isotope effect experiment of the 
oxygens on C0O2 layer is expected to confirm this result. 

In 2D triangular C0O2 layers the intermediate elec- 
tronic correlation allowing double occupation excludes 
RVB SC, whileas, the antiferromagnetic spin fluctua- 
tion and the frustration effect are important, the anti- 
ferromagnetic long range order is suppressed. For the 
correlated electron system with intermediate Coulomb 
strength, like the present compound, Laughlin and Zhang 



[24] suggested in the new quasiparticle basis allowing 
double occupation in the electronic orbits, the electrons 
experience a powerful attracting force, providing a pair- 
ing mechanism, named Gossamer SC. In such a Gos- 
samer SC, the superfluid carrier density is very thin, it is 
naturally expected the transition temperature Tc is low. 

In summary, two-dimensional triangular C0O2 layer 
is intermediate correlated electron system, Nao.35Co2 is 
quasi-2D metal with dominant aig hole character. The 
intercalation of water enhances the localization character 
of &ig carriers, the superconductivity arises from Gos- 
samer pairing mediated by the spin fluctuations. 
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